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Abstract - We observe how the charge-ordering temperature Tco of Ndi^Sri^MnOa decreases 
with the external pressure p from 160 K at p = down to 30 K at p ~ 4.5 GPa, by measuring the 
values p, T where the far-infrared spectral weight of the metallic phase is fully recovered. We thus 
determine the (p, T) phase diagram of CO in that manganite. We also find that the parameter 
d(lnTco) / dp which describes this metallization from the CO phase is equal and opposite to the 
quantity d(lnT c )/dp which governs the metallization of the paramagnetic state at comparable 
Curie temperatures T c , in similar manganites at half doping. 
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Introduction. — The x, T phase diagram of the man- 
ganites Ai-ajB^MnOa, where A is a lanthanoid and B 
an alkali earth, includes charge-ordered phases for 0.5 < 
x < 0.85 and T < T CO - T co , the charge-ordering (CO) 
temperature, in the absence of an external field may vary 
between 160 K for Nd . 5 Sro.5Mn0 3 (NSMO) [T] to more 
than 500 K for Bi . 5 Sro.5Mn0 3 0. The CO is usually 
associated with both orbital ordering and antifcrromag- 
nctism (AFM) [3], so that the ordered phase may col- 
lapse under magnetic fields B which span from 10 T for 
NSMO 0] to more than 50 T for Bio.sSro.sMnOa g]. For 
a long time, CO in manganites has been discussed in 
therms of arrays of Jahn- Teller small polarons [jjj. How- 
ever, in manganites with Tco below room temperature 
and with moderate critical fields, there are strong indi- 
cations [5HS] that the CO phase is better described in 
terms of Charge Density Waves (CDW) [TO]- This in- 
stability of the Fermi liquid takes place in a regime of 
moderately weak electron-phonon coupling and is associ- 
ated with a perfect (in the ideal one-dimensional CDW) 
or partial nesting of the Fermi surface. 

In the optical conductivity cr(w), the transition to a CO 
phase shows up in the appearance of an insulating gap E g 
in the mid infrared |11| and of absorption peaks in the Ter- 
ahertz range [EJUS- Conversely, the infrared-gap filling- 



with partial shielding of the phonon peaks by a free-carrier 
absorption - provides evidence for an insulator-to-metal 
transition (IMT) due to the CO collapse. Besides T and 
B, an external pressure p |13j can destabilize the charge 
order. Pressures in the GPa range have been shown to de- 
stroy the CO ground state of CeTe3 at room temperature 
|13j . In the manganites, no infrared measurements at high 
pressure have been reported in a CO state to our knowl- 
edge. However, transitions from the paramagnetic (PM) 
phase to the ferromagnetic (FM), metallic phase, induced 
by pressure, were observed by monitoring either the mid 
pH] or the far infrared [T5] a (to). In the present experi- 
ment we have investigated the effect of p on the CO phase 
of a manganite at low temperature, by measuring its o~(u)) 
in the far infrared at different pressures and temperatures. 
The selected system is Nd 1/2 Sr 1/2 Mn0 3 (NSMO), a man- 
ganite which exhibits both a homogeneous, commensurate 
CO with periodicity 2a (a = lattice parameter), and AFM 
(of charge- exchange, CE, type) below a Tcdw — 160 K 
(onset) [1] at ambient pressure. This transition is clearly 
detected in the infrared through a CO gap at E g ~ 0.1 eV 
jS], which opens in the Drude term of the ferromagnetic 
(FM) metallic phase. This is stabilized by the double- 
exchange mechanism [3] from Tco to a Curie temperature 
T c ~ 255 K pi]. Here we detect the IMT induced by 
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pressure at T < Tco by measuring the spectral weight 



W(p,T) 



cr(ui, T)du> 



(1) 



at zero pressure in the metal at 200 K and observing how 
it is recovered in the low-T AFM phase due to closure of 
the CO gap. In our case, tt\ = 120 cnr 1 and Q 2 = 1000 
cm . 

Experimental. — The optical conductivity of NSMO 
was extracted from reflectivity measurements performed 
down to 30 K in a diamond anvil cell (DAC). In order to 
obtain a reasonable photon flux through the small aper- 
ture of the DAC [T7], we used instead of conventional 
sources the InfraRed Synchrotron Radiation (IRSR) avail- 
able at the beam line BL43IR of the storage ring SPring-8 

m 

The sample, with a reflecting surface of about 100 x 
100 /im corresponding to the ab plane, was cut from a sin- 
gle crystal grown by the floating-zone method [6|. It was 
inserted in a DAC, together with a parallel gold mirror 
for reference, and with a small ruby. The frequency of 
its fluorescence peak provided at any T, after long ther- 
malization, the pressure p at T. The pressure medium 
was Daphne 7474 [TH] and the cell was inserted in a liquid 
helium cryostat. Due to the surprising low pressures at 
which the AFM-FM transition occurs, the contraction of 
the cell upon cooling played a major role. For this reason, 
one had often to select different p values for the measure- 
ments at different T. 

The intensity I s reflected by the sample was divided 
by the I r reflected in the same conditions by the mirror, 
to obtain the reflectivity R(u>) at the interface between 
the manganite and the diamond window. This quantity is 
shown in Fig. [T] at different temperatures and pressures. 
Even these raw data clearly show the effect of pressure on 
the optical response. In a) at 200 K (in the FM phase) 
R(ui) increases slightly at high uj and then decreases in 
the whole range for increasing p. In c) at 30K, deeply in 
the CO ground state, both the overall reflectivity and the 
phonon shielding increase with pressure. At 4.6 GPa the 
shape of R(lo) is again similar to that observed in panel 
a) at p ~ 0. At 160 K (b), the metallic R(oj) is reached 
at 2.7 GPa. Due to the limited frequency range accessible 
to the experiment, standard Kramcrs-Kronig transforma- 
tions could not be used to extract cr(w) from R(u>). This 
quantity was instead obtained by fitting, to the data of 
Fig. [TJ the formula 



R(oj) 



rid 



(2) 



where the refractive index of diamond rid was kept real 
and equal to 2.37, a value obtained by averaging nd(u>) 
|20j over the whole measuring range. An example of such 
a fit is shown in Fig. [T}c. 
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Fig. 1: (Color online). Reflectivity R(u) of Nd 1/2 Sr 1/2 Mn0 3 
at three different temperatures and under increasing pressures, 
as measured at the interface with the diamond window. The 
dotted line in (c) is an example of Drude-Lorentz fit to data, 
as explained in the text. 



For the dielectric function e(cj) we assumed the usual 
expansion in terms of Drude and Lorentz oscillators from 
free charges and phonons, respectively. The fit also re- 
quires a polaron-like excitation |21j centered around 500 
cm -1 , and the inclusion of the tails of the higher- frequency 
bands previously measured in NSMO [22] . An example of 
such decomposition is shown at 200 K in panel a) of Fig. 
[21 where a(u>) = we2(w)/47r is reported for the same tem- 
peratures and pressures as in Fig. [1] In the FM phase 
at 200 K (Fig. [2]-a) one sees again that at the highest p 
the sample has partly lost its metallic character. In the 
CO- AFM phase (panels b) and c)), the effect of pressure 
is opposite. It promotes a metallization process which 
shows up clearly both at 30 K (Fig. HJ-b) and at 160 K 
(c), through an increase of the overall conductivity and a 
partial shielding of the phonon peaks. 

Results and discussion. — In order to describe 
quantitatively the metallization process, we have calcu- 
lated W and normalized its value to the corresponding Wo 
in the metallic FM phase at the lowest pressure (T=200 
K, P=0.05 GPa). The results are reported as a function 
of pressure in Fig. [3] For sake of clarity, data taken above 
130 K are shown in panel a, those below this temperature 
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Fig. 2: (Color online). Optical conductivity of 
Nd 1/ / 2 Sr 1( / 2 Mn03, as extracted from the R(to) at three different 
temperatures under increasing pressures, tndividual phonon 
contributions to the fit (thin lines), a polaron-like band cen- 
tered around 500 cm -1 , and tails of high-frequency bands 
(dashed lines) are also shown in panel a). 



Fig. 3: (Color online). Spectral weight vs. p and T of 
Ndi/2Sr 1 / 2 Mn03, as calculated from Eq. [T] and normalized 
to the value Wo in the metallic phase at 200 K and p = 0.05 
GPa. The lines are guides to the eye. 



in panel b. In the FM phase at T = 200X (Fig. [3ja), the 
behavior of W indicates a significant decrease in the metal- 
lic character of NSMO around p* ~ 1.5 GPa. This effect, 
similar to that reported in Lao.7sCao.25Mn03 |23j . points 
out the increase of the super-exchange interaction, which 
tends to establish an AFM coupling between Mn nearest 
neighbors. In Fig. [3]a, the drop in W occurs at a much 
lower pressure than in Lao.7sCao.25Mn03 (23 Gpa), but 
in this compound the ground state is FM, while in NSMO 
the FM phase is unstable with respect to the AFM ground 
state. The decrease of W at 200 K under pressure may 
then be attributed to the appearance of AFM zones, in a 
phase-separation scenario often invoked for the mangan- 
ites at half doping [3J. 

In the four sets of data at or below 160 K in Fig. [3J 
a, W increases monotonically with p. In the end, the 
metallic spectral weight Wq is recovered at a pressure pm 
which increases for decreasing temperature. One thus can 
associate with each pm a Tqo which marks the collapse 
of the CO phase. Those pairs of values will be used below 
to plot a boundary line between the CO and the metallic 
phase of NSMO. Below 130 K (Fig. [3Jb), all data show a 



similar behavior and therefore they are grouped around a 
single line. At the lowest T W ~ Wo at p M - 4.5 GPa, 
which therefore is the CO critical pressure. This value 
is in excellent agreement with the dc resistivity which, 
above 4.5 GPa, does not show any CO transition [Mj and 
is rather low. This confirms that the interactions which 
stabilize the CO- AFM phase in manganitcs like NSMO are 
not so strong as to prevent the application of the CDW 
model [8]. 

Let us now discuss what is implied in the above results. 
Pressure promotes the IMT by reducing either the aver- 
age Mn-0 distance d and the average angle (5 of bonds 
Mn-O-Mn in the ab plane. Then, it — (3 measures the dis- 
tortion of the MuOq octahedra [25]- Both mechanisms 
affect directly the spectral weight W through the electron 
bandwidth, and in a tight binding approximation [3j5] 



W(p,T<T co ) 



cos[(7r - /3)/2] 

d 3.5 



(3) 



However, d decreases by a bare 0.7 % between and 4.5 
GPa, while in the ground CE state /3 = 157° [37]. Even 
assuming j3 = ir at pm, according to Eq. [SJthe isotropic oc- 
tahedra increase W by just a 4 %. In Fig. [SJ-b, W grows 
instead by a factor of 3. Therefore, the small pressure- 
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Fig. 4: (Color online). Pressure-temperature diagram of the 
CO phase in Ndi^Sr^MnOs. pm and Tco are the pressure 
and the temperature, respectively, where W — Wo in Fig. [3J 
(dots). The phase boundary is a power-law fit to data. 



induced changes in Eq. [3] arc hugely amplified by non- 
linear effects. The most important is obviously the tran- 
sition from the AFM superexchange to the FM double- 
exchange between the Mn 3+ and Mn 4+ ions. However, 
also the charge-lattice interaction is expected to play a 
role via the Jahn- Teller effect [25] . 

The change of slope at p* in Fig. [3}b may be re- 
lated to an observation 28 in the similar compound 
NdirtCaipMnOs. Therein, for increasing p, while the lat- 
tice parameter a decreases monotonically, the Jahn- Teller 
distortion was found to decrease up to 7 GPa, and then 
to increase again. Its "V" -shaped behavior vs. p was 
attributed to a subtle shear strain of the octahedra. In 
NSMO this should happen at pressures lower than 7 GPa, 
due to the larger ionic volume of Sr with respect to Ca, 
and may explain the observation at p*. However, the ori- 
gin of the crossover in Fig. [3]at the same p* in both phases 
FM and CO, is not clear yet. 

The pairs of values [pm(T),Tco] obtained from Fig. [3] 
at W/Wq ~ 1 allow one to build up the boundary line be- 
tween the metallic and the CO phase reported in Fig. @J 
which is obtained by a power-law fit to data (dots). The 
transition pressure increases steeply below Tco, to satu- 
rate at about 4.5 GPa at low temperature. This behavior 
is well illustrated by the variation of the parameter [29 ,30 

* = {l/T M )dT M /dpM = d{lnT M )/dp M (4) 

which was originally reported for the PM-FM transition 
at the Curie temperature T c and which here can be cal- 
culated from the derivative of the boundary line in Fig. 
2] (see the scheme in the inset of Fig. [5]). Therefore, in 



Fig. 5: (Color online). Absolute values of the defined 
in Eq. [3] Those calculated from the metal-CO boundary 
line (solid line) are negative, those measured at T c (PM- 
FM transition)in other manganites at half doping are pos- 
itive. The latter ones (empty symbols, [3D]) refer to : 
SmNSMO = (Smo.875Ndo.i 25 )o.5Sro. 5 Mn03 (T c = 115 K); 
NSPMO = Ndo.sSro.sePbo.wMnOs (T c = 204 K); LSMO = 
Lao.sSro.sMnOs (T c = 360 K). The dashed line is a guide to the 
eye. The scheme on the right illustrates the processes which, 
either starting from the PM or from the CO- AFM phase, ex- 
pand the FM metallic phase. They in fact lead to positive and 
negative values of \t, respectively. 



Eq. [H T M = T c for the PM-FM metallization (* > 0) 
and T M = T co for the AFM-FM transition (* < 0). In 
Fig. [5] 'F is plotted as extracted from the present data 
(red solid line) and compared with the (dashed) line re- 
ported in Rcf. [3D]- This was traced through three values 
(empty symbols), having opposite sign with respect to the 
present ones, and taken around T c in other manganites at 
half doping: SmNSMO = (Sm .875Ndo.i25)o.5Sro.5Mn0 3 
(T c = 115 K); NSPMO = Ndo.sSro.aePbo.uMnOg (T c = 
204 K); LSMO = Lao.sSro.sMnOs (T c = 360 K) . The 
agreement both in the slope and in the absolute val- 
ues of ^ in the common range of transition tempera- 
tures is impressive, but can be explained by the follow- 
ing argument. Indeed [25], T c oc D and Tco cx U/D 
where D is the carrier bandwidth renormalized by po- 
laronic effects [3T] and U is the correlation energy (as- 
sumed to be independent of p). Therefore, at the same T, 
d{lnT c )/dp M = -d(lnT C o)/dpM- 

Conclusion. — We have reported here the optical 
observation of the collapse, induced by pressure, of the 
charge-ordered phase in NSMO at low temperature. The 
process slows down at about the same pressure p* where 
the metal shows an instability above Tco- Through the 
analysis of the spectral weight we obtain the p — T phase 
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diagram of the charge order and the parameter ^ of the 
AFM-FM transition. This is equal and opposite to that 
measured for the PM-FM transition at comparable Curie 
temperatures in other manganites at half doping. This 
confirms experimentally that the metallization induced by 
pressure in manganites is governed by the same physics, 
cither if one starts from a paramagnetic insulator, or from 
a charge-ordered antifcrromagnct. 

* * * 

We thank X. Blasco for providing the NSMO crystal 
which the present sample was cut from. 
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